Abstract. Most of nuclei emit two or more prompt gamma rays in the neutron capture reaction. In multiple prompt gamma-ray analysis (MPGA), the gamma rays are simultaneously measured by two or more sets of gamma-ray detectors; these gamma rays are reduced to a pair of two prompt gamma rays, and it is added to the two-dimensional spectrum, which sets two energy axes. A gamma-ray peak corresponding to the pair of gamma rays that are emitted simultaneously will appear on the two-dimensional spectrum. By analyzing this two-dimensional peak, resolution can be raised by leaps and bounds. MPGA needs not only the knowledge of energies of capture gamma rays, but also nuclear level structure data. While the energies are usually accurate, many of the excited level structures are poorly known. Complete sets of these nuclear data are of great importance. A new MPGA system will be constructed at the guide-hall of JRR-3M in Japan Atomic Energy Research Institute. This system consists of three clover Ge detectors with antiCompton suppressors. The absolute efficiency of the system is about 10% for a 1.3-MeV gamma ray. It will be widely used in the fields of agriculture, engineering, geosciences, environmental science, and measurement of neutron capture cross sections of minor actinides.
INTRODUCTION
Prompt gamma ray analysis (PGA) is a highly sensitive, high-precision, and non-destructive quantifycation method for multiple elements [1] . Therefore, it is used in many fields. The multiple gamma-ray detection method is widely used in the field of nuclear physics and is known as the coincidence method. In this method, when two or more prompt gamma rays are detected coincidently by two or more gamma-ray detectors, the event composed of a pair of gamma rays is collected and added to the two-dimensional spectrum with two energy axes [2] [3] [4] [5] [6] . We applied the multiple gamma-ray detection method to PGA (MPGA). In order to apply the MPGA technique for measurements of nuclear data (the neutron capture cross section of minor actinides, trace element analysis, and other applications), the MPGA apparatus is under construction. This will be widely used in the various fields such as innovative nuclear reactors, agriculture, engineering, geosciences, and environmental science.
THE PRINCIPLE OF MPGA
In PGA, the sample is irradiated by thermal or cold neutrons. When a neutron captured by the nucleus, a compound nucleus forms in an excited state. The excited compound nucleus will decay very quickly to the more stable state through emission of prompt gamma rays. Most of nuclei emit two or more prompt gamma rays. In MPGA, the prompt gamma rays are simultaneously measured by two or more sets of gamma ray detectors; these gamma rays are reconstructed to a pair of prompt gamma rays, and it is added to the two-dimensional spectrum, which sets two axes as the energy for every event. The nuclei emit prompt gamma rays with energy peculiar to the nuclei. The element is identified by the energy of the gamma ray, and quantified by the number of gamma rays. Then, MPGA needs not only information from gamma-ray energies, but also level structures. While the energies are usually accurate, many of the excited level structures are poorly known. Complete sets of these nuclear data are of great importance. The comparator standard approach is normally employed with this method. A standard is irradiated and measured similarly to the samples. This standard contains a known amount of the elements to be determined. Since other elements that are not contained in this standard cannot be quantified, it is necessary to use an internal standard method. In this method, information on spin and parity of excited states is also required for the compensation of angular correlation of prompt gamma ray. In the Geology study, a trace element pattern for each sample is important; then the accuracy of the internal standard method is demanded. Neutron capture cross sections of minor actinides are very important for the R&D of innovative nuclear reactors such as accelerator-driven systems. However, those data are rather poor both in quantification and in quantity at present. Thus, we proposed a project entitled "Fundamental R&D on Neutron Cross Section for Innovative Reactors using Advanced Radiation Measurement Technology," which was approved by the Ministry of Education, Culture, Sports, Science and Technology in Japan. An essential part of this project is the measurement of neutron capture cross sections. In this measurement, such nuclear data are used for the efficiency correction of the gamma-ray detector.
BACKGROUND MEASUREMENT
The MPGA apparatus is constructed at a new cold neutron beam line, and a high-efficiency gamma-ray detector array is specially designed for this purpose at the Japan Atomic Energy Research Institute Reactor, JRR-3M, C-2-3 port. The neutron flux of a C-2-3 port is about 1.0x10
6-8 neutron/cm 2 sec and the beam energy is about 3.1 meV. The size of neutron beam is about 20 mm wide and 30 mm high and is covered with LiF tiles for neutron shielding and 50-mm-thick lead blocks for gamma-ray shielding. At the measuring position, enriched 6 LiF tiles are used instead of natural LiF tiles. The MPGA detector system consists of three Clover Ge detectors and BGO Compton suppression shields. An improved peak-to-total ratio can be achieved by surrounding the Clover Ge detector with a BGO anti-Compton shield, used to veto events where the gamma ray scatters out of the Clover Ge detector into the BGO detector. Each Clover detector consists of four individual crystals sharing a common cryostat. Each crystal is electronically segmented, and has a total efficiency of 120% relative to a 3-inch by 3-inch NaI detector. Energy resolution is about 2.0 keV FWHM for the 1. Pb reaction with room background neutrons. The counting rate of this measurement is about 15 cps. The spectrum in Fig. 1(b) is measured in supplying neutron beam without a sample and sample holder. Air in the neutron beam duct is usually replaced by Helium gas for suppressing the prompt gamma rays of Nitrogen. However, He gas was not used in this measurement. Then we can find strong prompt gamma rays of Nitrogen in this spectrum. The continuum background is increased. It is caused by the Compton continuum of higher-energy prompt gamma rays of Nitrogen. The counting rate is about 50 cps. The empty sample holder made by Teflon is put in measuring position and the spectrum is shown in Fig. 1(c) . Prompt gamma rays of Fluorine appear in this spectrum. The counting rate is about 70 cps. The spectrum in Fig. 1(c) is actual background. The counting rate of the total background is low enough for MPGA. The decrease of Nitrogen background can be attributed to using He gas.
RICE SAMPLE
Levels of cadmium in internationally traded food commodities are discussed and adopted in a globalrisk analysis framework for food that is managed and maintained jointly by the Food and Agriculture Organization of the UN and the World Health Organization. The Codex Committee on Food Additives and Contaminants (CCFAC) establishes or endorses permitted maximum or guideline levels for individual food additives, contaminants, and naturally occurring toxicants in food and animal feed. The Committee decided to replace the current proposed draft maximum level for polished rice by a proposed draft maximum level of 0.4 mg/kg. The Committee further decided to forward the proposed draft maximum levels for cadmium in rice, polished (0.4 mg/kg); wheat grain (0.2 mg/kg); potato (0.1 mg/kg); stem and root vegetables (0.1 mg/kg); leafy vegetables (0.2 mg/kg); and other vegetables (0.05 mg/kg), to the Codex Alimentarius Commission for preliminary adoption at Step 5 while returning the proposed draft maximum level for molluscs including cephalopods (1.0 mg/kg) to Step 3 [7] . Since Japan exists in a volcano zone, it is the tendency for the cadmium concentration in soil to be high, and the area where the cadmium concentration of agricultural products becomes comparatively high is unevenly distributed. The issue of cadmium concerns all foods, and especially, rice is the most important staple food in Japan. Therefore, the measurement of cadmium concentration in rice is important for Japanese health. Atomic Absorption Spectrometry (AAS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) are sufficiently accurate in the sensitivity for quantification of cadmium, while complicated chemical separation is required. Therefore the quantification of cadmium with these methods usually takes several hours, and it is difficult to inspect all the rice supply every year, and to eliminate cadmiumpolluted rice. In order to remove the cadmium-polluted rice unexceptionally, the development and validation of a rapid and sensitive method of cadmium analysis is required. Hydrogen is an interfering element for the measurement of cadmium concentration, because of the principal component and the large neutron capture cross section. Cadmium mainly emits the prompt gamma ray of 558 and 651 keV. Since the prompt gamma ray of hydrogen is 2223 keV, the prompt gamma ray of cadmium is covered by the low-energy tail due to Compton scattering, which interferes with the detection of cadmium. In neutron capture reaction, the hydrogen emits only one prompt gamma ray, while cadmium emits simultaneously two or more prompt gamma rays. In MPGA, the influence from nuclei that emit only one prompt gamma ray simultaneously at every neutron capture reaction can be reduced.
In this experiment, two sets of an HPGe detector and one BGO detector were used. In order to estimate the quantification limit of cadmium in rice with MPGA, a standard cadmium sample (500 micro-g) and the rice sample (100 mg) were measured. These samples were wrapped with fluorinated ethylenepropylene (FEP) film. The typical size is about 20 mm wide, 20 mm in height. A two-dimensional spectrum of standard cadmium by MPGA is shown in Fig. 2 . As a result of measuring the background by hydrogen, it is presumed that MPGA can quantify cadmium contents in rice to 0.05 ppm or less by the measurement for 10 minutes, if the neutron intensity is 10 7 neutron/cm 2 sec and the detector system has about 10% absolute efficiency for the cadmium gamma ray.
FIGURE 2.
A two-dimensional spectrum in MPGA of a standard cadmium sample is shown. Cadmium emits some strong gamma rays, such as 558, 576, 651, and 725 keV, simultaneously. Several peaks originating from these gamma rays appear in this spectrum.
OTHER APPLICATIONS
MPGA will be used not only in analytical sciences but also for nuclear data measurements: for example, neutron capture cross sections of minor actinides. Neutron capture cross sections are very important for the R&D of innovative nuclear reactors such as accelerator-driven systems. Although minor actinide samples are purified as much as possible, contamination of other nuclei are inevitable. Since the neutron capture cross section varies as much as a few orders of magnitude, this impurity provides much worse accuracy of measurements. Therefore the discrimination of impurity is an essential technique to achieve the accuracy of a few percent of neutron capture cross sections of minor actinides. This can be realized by using a multiple gamma-ray detection method and this apparatus.
